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Edited by Richard CogdellAbstract The activity of a methyltransferase, BchU, which
catalyzes methylation at the C-20 position of chlorin ring in
the biosynthetic pathway of bacteriochlorophyll c, was investi-
gated in vitro. The bchU gene derived from the photosynthetic
green sulfur bacterium, Chlorobium tepidum, was overexpressed
in Escherichia coli as a His-tagged protein (His6-BchU), and the
enzyme was puriﬁed. In the presence of S-adenosylmethionine,
His6-BchU methylated zinc bacteriopheophorbide d at the
C-20 position to give zinc bacteriopheophorbide c. Metal-free
bacteriopheophorbide d could not be methylated by the BchU,
indicating that the central metal in the chlorin should be required
for the recognition by the BchU.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Chlorophyllous pigments serve essential roles for energy-
converging systems in photosynthetic organisms. The pigments
are assembled into light-harvesting apparatuses and reaction
center complexes where sunlight energy is eﬀectively captured
and converged to initiate a charge separation process. Photo-
synthetic green sulfur bacteria have extramembraneous light-
harvesting antenna systems, chlorosomes. The constituent pig-
ments of chlorosomes are specialized chlorophyllous pigments,
bacteriochlorophyll(BChl)s c, d, and e, which self-aggregated
without participation of any proteinous components [1–3]. An-
other unique characteristic is that there are various homologs
in chlorosomal BChls, which diﬀer from each other in the de-
gree of methylation at the 82- and 121-positions (see R8/R12 in
Fig. 1). Such mixed homologs would control the physical sizes
of chlorosomes and their optical properties in response to light
environments [4].
Another methylation process at the C-20 position, i.e., the
conversion of BChl d (R20 = H) to c (R20 = CH3) (see Fig. 1)Abbreviations: BChl, bacteriochlorophyll; BChlid, bacteriochlorophyl-
lide; BPheid, bacteriopheophorbide; Chl., Chlorobium; DLS, dynamic
light scattering; HPLC, high performance liquid chromatography;
Proto IX, protoporphyrin IX; SAM, S-adenosylmethionine
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Broch-Due and Ormerod [5] observed a light-dependent
change in their relative contents and isolated a strain produc-
ing mainly BChl c from Chlorobium (Chl.) vibrioforme NCIB
8327, which contained BChl d as a exclusively pigment in chlo-
rosomes. Recently, we have also isolated a strain producing
BChl c from the liquid culture of Chl. vibrioforme NCIB
8327 containing mainly BChl d under low-light conditions
[6], and have supposed that the BChl c strain was derived from
the BChl d strain in Chl. vibrioforme species by their genetic
analyses [7].
The whole genome analysis of Chl. tepidum has allowed a
draft of the biosynthetic pathway of BChl c to be drawn up
[8], which has been modiﬁed by genetic studies (Fig. 1) [4,9].
A gene encoding C-20 methyltransferase bchU was identiﬁed
by Bryant and his co-workers [10], and they further indicated
that the above BChl d strains would be produced by a
frame-shift inactivation of the bchU. Although mutant analy-
ses are useful for the elucidation of in vivo biosynthetic path-
ways of various (B)Chls in general, the in vitro enzymatic
assays are indispensable for conclusive evidence of them to
be obtained.
In this study, the bchU gene was cloned into the pET-15b
vector and overexpressed in Escherichia coli BL21(DE3) as a
His-tagged protein (His6-BchU). We puriﬁed the His6-BchU
and measured its in vitro enzymatic activity for methylation
of some artiﬁcial pigments. We will discuss substrate speciﬁcity
of the BchU along with its role in the biosynthetic pathway of
BChl c.2. Materials and methods
2.1. Cloning of bchU gene into expression vector
The bchU gene was ampliﬁed from the whole genome of Chl. tepidum
strain WT2321 by PCR using primer set (forward: 5 0-TCATATGAT-
GAGCAACAATGACCTCCT-3 0 and reverse: 5 0-AGGATCCT-
TACGGCTTCACAGCCTGAA-3 0; underlines show NdeI and
BamHI restriction sites, respectively) and ligated with the SmaI-di-
gested pUC118 vector (Takara, Japan) to create the pUC-bchU. Fol-
lowing the digestion of the pUC-bchU with NdeI and BamHI, the
DNA fragment containing the bchU gene was ligated with the pET-
15b vector (Novagen, USA) and ﬁnally the pET15b-His6-bchU was ob-
tained.
2.2. Puriﬁcation of His6-BchU and SDS–PAGE
The pET15b-His6-bchU was transformed into E. coli BL21(DE3).
The His6-BchU was overexpressed basically according to the method
described in a manufactural manual. About 10 g of harvested cells
were suspended in buﬀer A (50 mM Tris/HCl, pH 7.8, 300 mM NaCl,blished by Elsevier B.V. All rights reserved.
Zn-BPheid c: M = Zn, R20 = CH3
Zn-BPheid d: M = Zn, R20 = H
BPheid c: M = H2, R20 = CH3









Fig. 2. Molecular structures of (Zn-)BPheids c and d.
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Fig. 1. The schematic diagram of possible biosynthetic pathways of BChls c (R20 = CH3) and d (R
20 = H); the 31-stereochemistry is R or S;
R8 = C2H5, n-C3H7, iso-C4H9; R
12 = CH3, C2H5. Steps (i) and (iv) represent methylation at the C20-position by the BchU, and steps (ii) and (iii)
represent hydration of the 3-vinyl group. Additional methylation at the 82- and 121-positions (R8 and R12 of BChls c/d) are omitted for simpliﬁcation.
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centrifugation, the supernatant was mixed with slurry of Ni–NTA aga-
rose (Qiagen, Germany) to adsorb His6-BchU. After stirring the mix-
ture for 30 min at 4 C, the agarose was washed batch-wisely with
buﬀer A and then with buﬀer B (50 mM Tris/HCl, pH 7.8, 300 mM
NaCl, and 50 mM imidazole). The adsorbed His6-BchU proteins were
recovered by the elution with buﬀer C (50 mM Tris/HCl, pH 7.8,
300 mM NaCl, and 250 mM imidazole), and further puriﬁed by a gel
ﬁltration chromatography using a HiPrep 16/60 Sephacryl S-200 HR
column equipped with a A¨KTAexplorer (Amersham Biosciences,
USA), which was developed with buﬀer D (50 mM Tris/HCl, pH 7.8,
and 150 mM NaCl) at a ﬂow rate of 0.4 ml/min at 4 C.
SDS–PAGE was performed according to Laemmli [11]. After elec-
trophoresis, the separated protein bands were stained with Coomassie
brilliant blue.
2.3. Preparation of substrates
Chlorophyll a was extracted from the cyanobacterium, Spirulina
geitleri, and converted to methyl 132-(demethoxycarbonyl)pheophor-
bide a (methyl pyropheophorbide a) in three steps, as described in
[12]. Hydration of the 3-vinyl group and hydrolysis of the methyl ester
by treatment with 30% hydrogen bromide in acetic acid and then water
aﬀorded bacteriopheophorbide (BPheid) d (Fig. 2) [13]. BChl c which
was extracted from a green ﬁlamentous bacterium, Chloroﬂexus auran-
tiacus, was demetallated [13] and hydrolyzed by the action of aqueous
HCl [14], to give BPheid c (Fig. 2). Metal-free BPheids d and c were
metallated in an acetone solution of Zn(CH3COO)2 Æ2H2O [13] to give
their zinc complexes, Zn-BPheids d and c, respectively (Fig. 2). Syn-
thetic pigments were prepared as a mixture of (31R) and (31S) stereoi-
somers. Zinc protoporphyrin IX (Zn-Proto IX) was purchased from
Wako (Japan).
2.4. BchU assays
A mixture containing His6-BchU (0.2 lM), artiﬁcial pigments
(2 lM) and S-adenosylmethionine (SAM) (10 lM) in buﬀer D was
incubated at 40 C for 60 min in the dark. An equal volume of diethylether was added and the diethyl ether layer was separated and evapo-
rated. The 17-propionate group of the resulting (Zn-)BPheids was con-
verted to methyl ester by treatment with CH2N2/Et2O. Pigments were
analyzed by reverse-phase high performance liquid chromatography
(HPLC) (5C18-AR-II, 6 mmB · 250 mm, Nacalai Tesque, Japan) with
methanol/water (8/2, v/v) at a ﬂow rate of 1.5 ml/min for (Zn-)BPheids
or with methanol/acetonitrile/1 M ammonium acetate (425/75/100, v/v/v)
at a ﬂow rate of 1.0 ml/min for Zn-Proto IX. HPLC was carried out
with the same apparatuses reported previously [6,15].
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Dynamic light scattering (DLS) measurements to estimate molecu-
lar-mass sizes of proteins were performed with a DynaPro-MS/MSRC
(Proteinsolutions, USA).Fig. 3. SDS–PAGE analyses demonstrating the IPTG-induced expres-
sion of His6-BchU in E. coli and its puriﬁcation steps. Lanes 1 and 9,
molecular-weight markers; lanes 2 and 3, the precipitate and super-
natant fractions recovered after disruption of E. coli cells containing
pET-15b, respectively; lanes 4 and 5, the same as in lanes 2 and 3
except for E. coli cells containing pET15b-His6-bchU; lane 6, a fraction
containing His6-BchU recovered after Ni–NTA aﬃnity chromatogra-
phy; lanes 7 and 8, a dimer and tetramer of His6-BchU puriﬁed after
gel ﬁltration chromatography, respectively.3. Results and discussion
3.1. Puriﬁcation of overexpressed His6-BchU
Fig. 3 shows the proteins produced in E. coli BL21(DE3)
cells containing either pET-15b or pET15b-His6-bchU and
puriﬁcation steps of the His6-BchU. A protein with an appar-
ent molecular mass of approximately 40 kDa was induced in E.
coli cells containing pET15b-His6-bchU as indicated by its
binding to Ni–NTA agarose (Fig. 3, lanes 4–6). This molecular
mass agrees well with that predicted from the deduced amino
acid sequence of the BchU containing a His-tag (MW;
40229.2). A relatively weakly stained protein band showing al-
most the same mobility as His6-BchU was detected in a super-
natant fraction of control cells containing only pET-15b on
SDS–PAGE analysis (Fig. 3, lane 3), but was undoubtedly dif-
ferent from His6-BchU because it was never recovered from a
Ni–NTA agarose.
After disruption of cells followed by centrifugation, His6-
BchU in a supernatant fraction was adsorbed to Ni–NTA aga-
rose and eluted in more than 90% purity as shown in lane 6 of
Fig. 3. His6-BchU was ﬁnally puriﬁed with a gel ﬁltration chro-
matography, giving two peaks corresponding to protein sizes
of approximately 70 and 123 kDa, respectively, whose molecu-






















Fig. 4. HPLC analyses of in vitro reactions using a dimeric His6-BchU in
esteriﬁed at the 17-propionate (COOHﬁ COOCH3) before HPLC analyses
420 and 413/420 nm in (A), (B) and (C), respectively. (A) Zn-BPheid d was
BPheids d and c, respectively. (III) is the result after reaction in the presen
control experiments without SAM and BchU, respectively. Peaks 1 to 4 rep
and (31S)-BPheids c, respectively. (B) BPheid d was used as a substrate. (I) a
(III) is the result after reaction in the presence of BchU, BPheids d and SA
and (31R)- and (31S) BPheids c. (C) Zn-Proto IX was used as a substrate. (I
presence of BchU, Zn-Proto IX and SAM. Peak 10 represents Zn-Proto IXcurve drawn using molecular-weight markers (data not
shown). The SDS–PAGE analysis apparently showed that
these two peaks were the identical 40 kDa protein (Fig. 3, lanes
















+ SAM + BchU
10(I)
(II)
combination with a substrate and/or SAM. All (Zn-)BPheids were
. Solid/dashed lines depict chromatograms monitored at 424/433, 412/
used as a substrate. (I) and (II) show proﬁles of methyl esters of Zn-
ce of BchU, Zn-BPheid d and SAM. (IV) and (V) are the results of
resent methyl esters of Zn-(31R)- and (31S)-BPheids d, and Zn-(31R)-
nd (II) show proﬁles of methyl esters of BPheids d and c, respectively.
M. Peaks 6–9 represent methyl esters of (31R)- and (31S) BPheids d,
) shows a proﬁle of Zn-Proto IX. (II) is the result after reaction in the
.
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DLS measurements (101 and 172 kDa, respectively).3.2. Methyltransferase activity of BchU in vitro
The enzymatic activity of His6-BchU was measured in vitro
using some artiﬁcial pigments. An aqueous reaction mixture
containing His6-BchU (note that we used here a dimer),
SAM and a pigment was incubated at 40 C for 1 h in the dark
and the resulting pigments extracted from the mixture were
analyzed by HPLC. Since a mixture of (31R) and (31S) stereo-
isomers of (Zn-)BPheids d was diﬃcult to separate under our
HPLC conditions, the mixture was analyzed after esteriﬁcation
at the 17-propionate (COOHﬁ COOCH3) to resolve peaks of
the two stereoisimers. It is noteworthy that 31-epimeric mix-
tures of (Zn-)BPheids d were used as substrates due to the dif-
ﬁculty in their preparative separation.
Fig. 4A shows proﬁles by HPLC analyses for the experi-
ments using Zn-BPheid d as a substrate. The (31R) and (31S)
stereoisomers of Zn-BPheid d (peaks 1 and 2 in their methyl
esters) were partially converted to new species, which had
the same retention times as Zn-BPheid c methyl esters (peaks
3 and 4) by His6-BchU in the presence of SAM (Iﬁ III in
Fig. 4A). These products were consistent with Zn-BPheid c
methyl esters from their absorption spectra (kmax = 433 and
664 nm in an HPLC eluent). In the absence of either SAM
(Figs. 4A-IV) or His6-BchU (Figs. 4A-V), Zn-BPheid c species
could not be detected. These results indicated that the BchU
methylated C-20 of both (31R) and (31S) forms of Zn-BPheid
d using SAM as a methyl donor. It should be noted that BchU
was capable of methylating such an artiﬁcial chlorin pigment
possessing zinc as a central metal instead of natural
magnesium.
In metal-free BPheid d, no methyl group was introduced at
the C-20 position (Fig. 4B), indicating that a central metal
was necessary for the substrate of BchU. The central metal
would serve an important role for the substrate to make a
proper conﬁguration within an active site of the BchU. More-
over, Zn-Proto IX could not act as a substrate for the BchU as
shown in Fig. 4C. The exo-ﬁve membered ring would be criti-
cally recognized by the BchU.
A tetramer of His6-BchU exhibited a lower methyltransfer-
ase activity compared to that of the dimer (data not shown).
Since incubation of the tetramer in a reaction mixture at
40 C for 1 h induced a partial formation of the dimer (data
also not shown), the lower activity in the reaction of the tetra-
mer may be due to the presence of this dimer. Therefore, it is
unclear, at present, whether the tetramer has enzymatic activ-
ity by itself.3.3. BchU in biosynthesis pathway of BChl c
From a whole genome analysis of Chl. tepidum, Eisen et al.
[8] speculated that Mg-Prot IX (see Fig. 1) would be a sub-
strate to be methylated at the C-20 position in the biosyn-
thetic pathway of BChl c. Recently, Bryant and his co-
workers [4,9] have modiﬁed its biosynthetic pathway based
on pigment analyses of mutants generated by the inactivation
of relevant genes; C-20 methylation of 3-vinyl bacteriochloro-
phyllide(BChlid) d by BchU (see step (i) in Fig. 1) [10]. In the
present results, neither Zn-Proto IX nor metal-free pigments
were shown to be methylated by the BchU in the presence
of SAM, indicating that such a C-20 methylation shouldoccur at the later stage of the BChl c biosynthetic pathway
after Mg-Proto IX.
The in vitro methylation of Zn-BPheid d with 3-(1-hydroxy-
ethyl) group suggested that BChlid d would be methylated in
vivo at theC-20positionbyBchU (step (iv) inFig. 1). In theBChl
cbiosynthetic pathway, thehydrationof the 3-vinyl groupwould
be followed by the 20-methylation (steps (iii) and (iv) inFig. 1) as
an additional bypass for proposed steps (i) and (ii). Moreover,
the BchU methylated both (31R)- and (31S)-epimers of Zn-
BPheid d, indicating that the BchU could not discriminate the
stereochemistry at the 3-(1-hydroxyethyl) group. Therefore,
BchU would have broader substrate speciﬁcity and catalyze
any BChlid d homologs other than BChlid d possessing 82-ethyl
and 121-methyl groups, used in this study.
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